The corrosion behavior of stainless steels (AISI 304, AISI 316L and duplex steel) 
INTRODUCTION
Stainless steels are important construction materials which are often used when high mechanical properties, weldability and good corrosion resistance are imperative [1] [2] [3] [4] .
Although stainless steels possess excellent resistance to general corrosion, they are susceptible to the localized corrosion attack such as pitting corrosion in chloride containing environment [5] [6] [7] . Corrosion resistance of stainless steels are related to the formation of an insoluble, relatively uncreative chromium oxide-hydroxide enriched passive surface film that forms naturally in the presence of oxygen (self-passivation), whose thickness is in the range from 1 to 10 nm [7] [8] [9] [10] . Corrosion resistance of the passive film is determinate by the alloy composition and environmental conditions, to which stainless steels are exposed.
High content of Cr in the stainless steels leads to the formation of a complex spinel-type passive film (Fe,Ni)O(Fe,Cr) 2 O 3 responsible for its high corrosion resistance [8, 11, 12] . Manganese has been traditionally considered as austenite former and is often added to increase nitrogen solubility [13] . Nevertheless, its addition is usually accompanied by reduction of pitting corrosion resistance, associated with the formation of manganese sulphide inclusions [14] . There is a certain correlation between resistance to pitting corrosion and the size of MnS inclusions: reducing the size of the inclusions leads to increase resistance to pitting corrosion [15] . Molybdenum is considered as one of the principal alloying elements in stainless steel which enhances the pitting corrosion resistance and expands the passive region of stainless steel [12, 16] .
The most corrosion damages of stainless steels occur in neutral to acidic solutions containing chloride ions. Chlorides are the most common cause of local destruction processes because they are strong acid anions, and many metal cations possess significant solubility in chloride solutions. In addition, chlorides are relatively small anions with a high diffusion power which impedes passivation [17] . Pitting corrosion is considered to be an autocatalytic process -once when pit is formed and the corrosion process is initially localized in the pit area, there is a significant change in the medium within the pit which becomes impoverished by cathode reactants (eg. oxygen) and enriched with metal cations and chlorides. Inside the pit the pH value is reduced. The resulting chloride medium is very aggressive, prevents repassivation and encourages further growth of the pits [18] .
The purpose of this study is to compare the corrosion behavior of duplex stainless steel with AISI 304 and AISI 316L stainless steels through electrochemical polarization studies in NaCl solution.
EXPERIMENTAL
The chemical composition of the investigated samples was shown in Table 1 .
The electrical contact for the electrochemical measurements was achieved by soldering the stainless steel samples with the copper wire and then isolated them with acrylic resin leaving only one side exposed to the test solution. Prior to each measurement the electrode surface (0.5 cm 2 ) was ground successively with different grades of SiC paper down to 1200 grit. After that, the samples were ultrasonically cleaned in ethanol and deionized water and immersed in electrolyte solution. ) and with different scan rates (1, 5, 10, 50 and 100 mV s -1 ).
After cyclic polarization measurements the surface of electrodes was investigated using light microscope MXFMS-BD, Ningbo Sunny Instruments co. with the magnification of 50 times. Figure 1 it is clearly visible that the most noble E oc was observed for the duplex steel, while AISI 304 and AISI 316L exhibit similar E oc values. Moreover, the values of E oc for duplex steel and AISI 316L steel increases gradually towards a nobler direction during the immersion which indicate the formation and thickening of the protective passive film on their surfaces. The values of E oc for AISI 304 steel slowly decrease with time which indicates the poorer protective properties of its oxide film compared to the AISI 316L and duplex steel.
The general corrosion behavior of AISI 304, AISI 316L and duplex stainless steel in 0.5 mol dm -3 NaCl solution was investigated by recording the cyclic polarization curves in wide potential range. The purpose of these measurements was to evaluate the possibility of passivation and repassivation of tested samples and determination of corrosion current density (i corr ) and corrosion potential (E corr ). Obtained results are presented on Figure 2 and Table 2 . Significant differences in corrosion behavior of AISI 304 and AISI 316L compared with duplex steel can be noticed. Thus, negative hysteresis can be observed for duplex steel and positive hysteresis for AISI 304 and AISI 316L steels. Negative hysteresis occurs when reverse scan current density is less than for the forward scan and indicate that damaged passive film repairs itself and pits don't initiate. 
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On the other hand, positive hysteresis occurs when reverse scan current density is greater than for forward scan and indicate that passive film is damaged and not repaired and pits initiate on metal surface [19] . Comparing the anodic parts of the cyclic polarization curves it is apparent that the lowest values of anodic current density shows duplex steel and the highest AISI 304 steel. AISI 316L steel shows similar behavior as AISI 304 steel but with lower values of anodic current density.
As can be seen from Table 2 the lowest i corr and the most positive E corr have been obtained in measurements with duplex steel which also have the widest passive region which clearly indicates its highest corrosion resistance. After cyclic corrosion measurement electrode surfaces were examined with light microscope with the magnification of 50 times, and the results of investigations have shown on Figure 3 In this investigation special attention is dedicated to the depassivation of AISI 304, AISI 316L and duplex steel, therefore for each sample, polarization curves were recorded in different chloride ion concentrations (from 0.01 to 1 mol dm -3 ) with scan rate of 1 mVs -1
. Results of investigation for duplex stainless steel are shown in Figure 4 .
By anodic polarization of duplex steel, after passing the passive potential range the depassivation potential (or potential of active anodic dissolution) is attained at which an abrupt increase in current takes place. Specifically, the oxide film at the metal surface is destroyed and local corrosion takes place with the creation of small pits on surface. If the potential is shifted further to the anodic direction, the current increases linearly.
According to the literature, the potential of pitting corrosion has several names: pitting potential, critical potential, breakdown potential and depassivation potential. On potential values that are more negative than depassivation potential pits do not appear, while on the more positive potentials they are continually produced. At the exact pitting potential value, the created pits become deeper, without creation of new ones. As can be seen from Figure 4 by increasing the concentration of chloride ions, depassivation potential (E dp ) for duplex steel becomes more negative. Furthermore, parallel with the displacement of E dp towards the negative values, more steeper slopes of the linear part of the curve are observed, in the potentials range responsible for propagation of the pit, i.e., with potentials more positive than depassivation potential. The linear part of the curve (dE/di) defines the polarization resistance (R p ) of the corrosion process [20] . Many authors have explained this ohmic control by the presence of a thin, stable salt layer formed of an oversaturated solution present inside the pits, which gives some form of passivity [21] . Similar results were obtained for other investigated steel samples. By analyzing the polarization curves E dp and R p was determined, and the obtained values in the function of chloride concentration for all examined samples are given in Table 3 . Increasing the concentration of Cl -ion, the E dp becomes more negative for all investigated samples, while the R p decreases considerably. Depassivation potential shift to the negative side greatly, which depends on the composition of the sample. Thus, the negative displacement potential of AISI 304 is 180 mV, for AISI 316L 150 mV and for duplex steel 120 mV.
Graphical representation of dependence of E dp on log c, can be described by the empirical equation:
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The constants A and B can be determined from the section and slope of the linear part of E dp -log c dependence ( Figure 5 ) and the obtained values are given in Table 4 . Values of the empirical parameters A and B for the investigated steel samples are very well matched with the data given in the literature, and this constant depends on the electrolyte temperature [22, 23] . Figure 6 and Table 5 show the influence of the potential scan rate on depassivation of stainless steel in 0.5 mol dm -3 NaCl. It can been noticed that the E dp of all investigated samples becomes more positive if the potential change in the positive direction is achieved faster (this shift for AISI 304 is 110 mV, for AISI 316L 160 mV and for duplex steel 200 mV), which means that for evaluation of pitting it takes a certain amount of time (induction time) after the actual depassivation potential is established [21] . As shown in Table 5 , irrespective of the E dp shift towards more positive values, the rate of potential changes does not affect the value of polarization resistance. At all observed scan rates, similar values of R p were obtained, whose value however depends on the composition of the examined sample and grows in order: AISI 304 AISI 316L duplex steel. If we graphically depict the E dp in a function of the log v (Figure 7) , a linear dependence is obtained, which can be described by the relation:
A and B are constants and are listed in Table 6 . Constant A is essentially the actual depassivation potential (v = 0 mV s -1 ), while B is the time needed for the induction of pitting corrosion. According to the literature numerical values of this constant depend on the electrolyte temperature [22, 23] . The parameters A and B of the investigated samples increase in order: AISI 304 AISI 316L duplex steel. Namely, in the same order the depassivation potential becomes more positive, and the nucleation time of pitting corrosion increases. This behavior is the result of physical and chemical properties of the oxide films formed on the surface of tested samples.
Properties of the oxide films which form on the surface of stainless steels primarily depend on the chemical composition of the based metal, i.e. the content of the individual alloying elements in the investigated samples (Table 1) . If the alloying element facilitates passivation of the steel, the properties of the oxide film will be better (higher resistance and thickness, more compact structure), which will ultimately increase the corrosion resistance of the metal in the aggressive media.
The role of alloying elements on metal passivation can be explained by the model proposed by Marcus 24 . The model is based on two fundamental properties of metals, such as: strength of the oxygen (or OH) chemisorption bond, M-O , (reflected by the value of the heat of oxygen adsorption, H ads(ox) ) and the facility of conversion from the oxygen (or OH) monolayer to a 3D oxide in which a critical factor is disruption of the metal-metal bonds (reflected by metal-metal bond energy, M-M ) 24 .
Passivation usually begins by adsorption of oxygen or OH from the water solution, followed by nucleation and oxide growth. Obviously, metals with high heat of oxygen adsorption are easily passivated. However, it is less apparent and less recognizable that the passive film formation requires additional activation energy for conversion of chemisorbed layer into 3D oxide, and that this process inevitably leads to a metal-metal interruption. Therefore the lower the energy required to disrupt metal-metal bonds, the lower the activation energy barrier for the conversion into 3D oxide 24 . The metals which adsorbs oxygen (or OH) strongly and on which metal-metal bonds are easily broken will be very suitable for the passive oxide film growth. Hence, alloying elements with high energy adsorption of oxygen, and low metal-metal bonds energy, reinforce the passivation of the base metal. However, the easy metal-metal bond disruption will also accelerate metal dissolution. Therefore, fine balancing between the effect of metal-metal bonding energy and the effect of oxygen adsorption heat is crucial in design of alloys which can passivate. Different metal groups can be seen on the diagram. In the upper left area of the diagram, are placed metals with high H ads(ox) and a relatively low M-M : Cr, Al, Ti. This area of the diagram corresponds to passivity promoters, i.e. the alloying elements that facilitate passivation of the metal.
In the upper right-hand region of the diagram are metals with high M-M and high H ads(ox) : Mo, Nb, Ta and W. The high value of M-M indicates the difficulty to break metal-metal bonds, so these elements can be dissolution moderators or blockers. Furthermore, the metals of this group also have a high amount of H ads(ox) so they do not lose the ability of passivation. They may participate in passivation and be incorporated in surface oxide film. Based on the ideas presented, it is interesting to compare the influence of key alloying elements such as Cr, Mo and Nb on the passivation of stainless steels, whose content in the tested samples mostly increases in order: AISI 304 AISI 316L duplex steel. The specific roles of Cr and Mo (or Nb) can be well understood in the framework of the proposed model. Namely, the behavior of these elements in the initial stage of steel passivation is very different. Although the heat of oxygen adsorption on Cr, Mo and Nb is similar, the Cr-Cr bond energy is much lower than that of MoMo and Nb-Nb 24 . A large amount of energy released during the adsorption of oxygen is able to easily disrupt Cr-Cr bonds, thus causing oxide nucleation much before completion of the adsorbed monolayer.
On the other hand, the Mo and Nb further improves the corrosion resistance of the stainless steels, especially in solution containing Cl -in which pitting is a common occurrence. Namely, the high Mo-Mo and Nb-Nb bong strength causes a lowering of the dissolution rate by increasing the activation energy barrier for the disruption of metalmetal bonds on the surface 24 . This effect of alloying elements in the iron base ultimately results in the corrosion resistance of the tested samples growing in the same order, i.e. AISI 304 AISI 316L duplex steel. The content of the other elements in the individual samples also favors the increase of corrosion resistance according to sequence discussed.
Passivity promoters
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CONCLUSIONS
In this paper, corrosion behavior of different types of stainless steels (AISI 304, AISI 316L and duplex steel) was studied in NaCl solution. From the analysis of the obtained results can be concluded as follows:
Anodic polarization of all samples in NaCl solution results in the destruction of the natural oxide film and the occurrence of local activation of the surface with the creation of small pits. The damages of oxide film on duplex steel have tendency of self-healing.
As the concentration of aggressive ions increases, the depassivation potential of all investigated stainless steel samples becomes more negative, while the polarization resistance of the corrosion process decreases considerably.
If the change of potentials in the positive direction is realized faster, depassivation potential becomes more positive, meaning that a certain time (induction time) is needed for the pitting occurs after the actual depassivation potential is established. The potential scan rate does not affect the value of polarization resistance. Corrosion resistance of investigated stainless steels is following the order: AISI 304 AISI 316L duplex steel. Namely, the depassivation potential and pitting corrosion induction time of the examined samples increase in the same way. A key role in the corrosion resistance of the alloyed alloys has alloying elements such as Cr, Mo and Nb. Cr belongs to the elements which promote the passivation, while Mo and Nb in a group which prevents the dissolution of the metal.
